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Summary. Background and aim of the work: Bone marrow (BM) abnormalities in the spine are a common,
sometimes unexpected, finding on Magnetic Resonance Imaging (MRI), which is the most sensitive imag-
ing modality to evaluate the marrow, and their interpretation can be difficult for the unexperienced radiolo-
gist. In this review, the MRI appearance of normal age-related BM changes, as well as the imaging features
of benign and malignant diseases, are presented. Discussion: A large variety of BM signal alterations has
been identified and described, including normal variants, BM reconversion, degenerative changes, infections,
spondyloarthritis and osteonecrosis, trauma, neoplastic lesions (both primary or metastatic), post-radiation
and chemotherapy sequelae. Conclusions: Knowledge of normal age-related BM appearance, normal variants
and patterns of involvement in focal and diffuse bone diseases is essential, together with clinical and labora-
tory data, to narrow the list of the possible differential diagnoses. The radiologist should be familiar with these
signal changes, as they can sometimes be discovered incidentally. In this context, it is equally important not
to attribute pathological significance to benign alterations and to promptly detect signs of malignant diseases.
(www.actabiomedica.it)
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Introduction

The bone marrow (BM) is one of the largest or-
gans of the human body, representing about 4% of the
total body weight. Functionally, it serves as the pri-
mary site for hematopoiesis and as a major reticuloen-
dothelial organ involved in immune responses (cellular
and humoral) (1-5).

BM can be found in almost any bone that hosts
spongy bone tissue, such as femur, ribs and vertebrae
(above all in the durso-lumbar tract).

Thus, BM abnormalities in the spine are a com-
mon, sometimes unexpected, finding on Magnetic
Resonance Imaging (MRI), which is the most sen-
sitive imaging modality to evaluate the marrow, and
their interpretation can be difficult for the unexperi-
enced radiologist.

A large variety of BM signal alterations has been
identified and includes normal variants, BM reconver-
sion, neoplastic lesions (both primary or metastatic), ra-
diation therapy sequelae, trauma, degenerative changes,
infections, spondyloarthritis and osteonecrosis (6-10).
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In this review, the MRI appearance of normal
BM changes related to physiologic states, as well as
the imaging features of benign and malignant diseases,
are presented.

Techniques

MRI is the most sensitive imaging modality to
evaluate the BM, with the signal intensity depending
on the relative amount of protein, water, fat, and cells
within the marrow.

The routine spine MRI protocol consists of T1-
weighted (T1w), T2-weighted (T2w) and STIR se-
quences.

Spin-Echo (SE) T1w is the most accurate se-
quence to evaluate the cellular content, because of the
contrast with fat content in yellow marrow. Fat tissue
has a short T1 relaxation time, leading to high signal
intensity on T1w images. Therefore, the signal inten-
sity of the marrow is dependent on the proportion of
red and yellow marrow.

T2w images, especially using Fast SE techniques,
show a decreased contrast of the spinal marrow, be-
cause water and fat are closer in signal intensity.

Fat tissue signal suppression can be obtained both
with fat saturation (SPIR or SPAIR, if a frequency-
selective saturation radio-frequency pulse with the
same resonance frequency as that of lipids is applied)
or using STIR sequences (choosing an inversion time
adequate to null the signal generated by fat) (11-15).

The latter approach has several practical advan-
tages, including acquisition of more slices per unit of
time, but reduced tissue specificity (16-20).

Hematopoietic marrow shows intermediate signal
on STIR sequences, similar to that of muscle, whereas
fatty marrow shows lower signal intensity than that of
muscle.

Gadolinium-enhanced T1w images may be help-
ful in the assessment of neoplastic infiltration and eval-
uation of the extent of extramedullary spread as well as
in the evaluation of infective/inflammatory pathology.
However, as most bone diseases show hypointense sig-
nal on unenhanced T1-w sequences, enhancing lesions
may be difficult to recognize when they become isoin-
tense to normal BM. For this reason, the post-contrast

evaluation of the spine is mandatorily performed using
T1w sequences with fat-suppression.

Nonroutine MRI sequences include diffusion-
weighted imaging (DWI), MR spectroscopy (MRS),
in- and out-of-phase MRI, and dynamic contrast-en-
hanced MRI (perfusion imaging).

DWI enables to measure the random motion of
free water protons on a molecular basis by using differ-
ent imaging sequences including steady-state free pre-
cession imaging, navigated SE DWI, and single-shot
echo planar imaging (21-25).

In the last years, DWI has shown great potential
for the differentiation of acute osteoporotic from neo-
plastic vertebral fractures. As far as DWT is concerned,
it is hypothesized that edema formation in benign
osteoporotic fractures results in increased diffusivity,
while the cellular structure associated with neoplastic
tissue acts to restrict water mobility, thereby decreasing
diffusivity (26-30).

However, the usefulness of DWI in differentiat-
ing benign from metastatic spinal fractures is contro-
versial. Due to both the spongy microstructure of the
trabecular bone and the proximity of the lungs, soft tis-
sue, or large vessels, substantial magnetic susceptibility
variations occur, which severely reduce the magnetic
field homogeneity as well as the transverse relaxation
time T2, and thus complicate the MRI appearance,
in particular with echo-planar imaging techniques.
Numerous studies demonstrate significantly increased
diffusivity with greater ADC values (typically between
1.2 and 2.0 x 10® mm?%s) in osteoporotic fractures
compared to malignant fractures or lesions (typically
0.7-1.3 x 10 mm?*/s). Moreover, several studies used
the qualitative image contrast of diffusion-weighted
acquisitions for differentiation of lesion etiology: a
reliable lesion differentiation can be achieved particu-
larly with diffusion-weighted steady-state free preces-
sion sequences, which depict malignant lesions as hy-
perintense relative to normal-appearing vertebral BM,
in contrast to hypointense or isointense osteoporotic
lesions (31-35).

MRS allows a noninvasive quantitative assess-
ment of bone constituents, particularly fat, at the mo-
lecular level. A single or multi-voxel method can be
used to assess one or more vertebral bodies and their
fat content, which is related to weakened bone (36-
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40), tipically expressed as a percentage (due to multiple
lipid peaks) not as an absolute value (41-45).

Previous reports emphasized age- and sex- relat-
ed physiologic changes of the fat content of the spinal
BM (46-50). However, MRS is not widely used clini-
cally as similar information can be achieved by a less
expensive dual-energy x-ray absorptiometry (51-55).

Chemical-shift or opposed phase imaging relies
on the fact that water and fat have different resonance
frequencies. Indeed water and fat protons are in phase
with one another at a TE of 4.6 milliseconds and 180°
opposed at a TE of 2.4 milliseconds at 1.5 T. A given
voxel containing both fat and water shows some signal
intensity loss on out-phase images, while metastatic
and infiltrative marrow neoplasms will destroy normal
marrow and retain high water content with resultant
high signal on out-phase imaging. This has proved
beneficial in differentiating neoplastic and osteoporo-
tic fractures (7, 56-60).

Also, dynamic contrast-enhanced MRI of BM
has been used in patients with lymphoproliferative
disease and diffuse marrow infiltration as well as in the
assessment of response to chemotherapy. During Gad-
olinium-based contrast agent rapid intravenous ad-
ministration, changes in longitudinal relaxation of ver-
tebral marrow are measured and signal-time-intensity
curves are reproduced. Various parameters have been
used, such as maximum intensity, slope of the curve
and contrast wash-out. BM perfusion decreases mark-
edly with increasing age and in subjects with osteopo-
rosis (61-65). In patients with marrow infiltration by
focal or diffuse hematological malignancies, perfusion
imaging shows higher peak enhancement percentage,
enhancement slope and time to peak (63, 66-70)

Normal age-related bone marrow appearance and
normal variants

Normal BM is composed of an intermixture of
red (or hematopoietic) marrow, yellow (or fatty) mar-
row, and trabecular bone in varying proportions, based
on the patient age and other factors.

Yellow marrow appears hyperintense on T1w im-
ages, because it is composed of fatty elements, and
shows intermediate and high signal intensity on T2w
SE and T2w fast Spin-Echo sequences, respectively.

It saturates similarly to subcutaneous fat on T2w se-
quences with fat saturation and on STIR sequences
(52,57,71-75).

Red marrow demonstrates low/intermediate sig-
nal intensity on T1w sequences compared to the disk,
and shows intermediate signal intensity on T2w se-
quences, which can result in some difficulty in distin-
guishing red marrow from yellow marrow; it displays
mild high signal intensity on STIR images.

Age profoundly affects vertebral marrow signal
intensity and homogeneity at MR imaging (7, 52, 76-
80).

The proportion of marrow fat cells normally in-
creases in a diffuse and homogeneous manner with
ageing, a process called fatty marrow “conversion” of
red marrow, resulting in a progressive increase in mar-
row signal intensity on T1w images. BM conversion
begins with long bones (from diaphysis and epiphysis
to metaphysis) and then extends to the axial skeleton.

Marrow appearance shows a limited variation
among vertebral bodies of the same person, as opposed
to marked variability in different people of similar age
and demographics.

The sacro-coccygeal region is the exception to this
rule, where partial or diffuse fatty infiltration is com-
monly seen (12, 60, 81-84).

Four patterns of physiologic conversion of active
hematopoietic red marrow to fatty BM in the verte-
bral bodies have been described on T1w SE images
(Fig. 1) (85). In pattern 1, linear areas of high signal
intensity parallel the basivertebral vein. The remainder
of the vertebral body is uniformly low in signal inten-
sity (red marrow). This pattern was observed in nearly
one half of those younger than 20, and in essentially
no one older than 30. In pastern 2, the conversion to
fatty marrow is located at the periphery of the ver-
tebral body, along the corners of the vertebral bodies
and near the endplates, where bandlike and triangular
regions of high signal intensity are found. In pattern
3, diffusely distributed areas of high signal intensity
are seen and further subclassified based on their size:
pattern 3a consists of numerous, indistinct, high signal
intensity foci, measuring a few millimeters or less; pat-
tern 3b consists of fairly well-marginated regions of
high signal intensity, ranging in size from 0.5 to 1.5
cm. Approximately 85% of individuals older than 40
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Figure 1. TSE T1w images on the sagittal plane. Patterns of physiologic conversion of active hematopoietic red marrow to fatty bone

marrow: pattern 1 (A), 2 (B), 3a (C), 3b (D)

years show pattern 2, and approximately 75% show
pattern 3.

Under normal circumstances, the vertebral BM is
not composed entirely of either all red or all yellow
marrow, but is intermixed, so accounting for its ap-
pearance on MR imaging. Marrow reconversion (from
yellow to red BM) is a process that occurs during times
of stress, in which the body requires increased blood
cell production, such as in response to anemia or hae-
matologic malignancies (Figure 2). It occurs in the re-
verse order of maturation and favors areas of residual
hematopoietic sites (starting from the vertebral end-
plates). Thus, the finding of a diffuse T1w hypointen-
sity of the vertebral bodies (usually more hypointense
than the intervening disks) should always prompt a
dosage of haemoglobin and circulating blood cells, as
well as a serum protein electrophoresis analysis.

Normal variants and common findings

Diffuse heterogeneous patterns of spinal BM are
relatively frequent findings, especially in subjects af-
ter the fourth decade of life. Usually they are related
to a dissemination of foci of high signal intensity (fat
nodules, Fig. 3); consequently, the adjacent normal red
marrow appears with concave margins. This pattern,

considered a non-significant finding, must be distin-
guished from the heterogeneous pattern related to the
presence cellular marrow nodules, that may remain un-
distinguishable from significant marrow lesions; in this
case, red marrow appears with convex margins on T1w
sequences. Sometimes, red marrow islands appear as

Figure 2. Multiple myeloma, diffuse pattern. TSE T1w (A),
TSE T2w (B) and STIR (C) images on the sagittal plane
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Figure 3. Fat marrow nodules. TSE T1w (A) and TSE T2w (B)

images

small hypointense spots within a fat marrow nodule
(bull’s eye sign).

Focal normal variants as large nodules of fatty
marrow or hypercellular red marrow (Fig. 4) can be
occasionally observed on T1w sequences, more often
in elderly patients.

Red flags that must be considered in the evalua-
tion of these signal abnormalities include: marked hy-
pointensity, homogeneous low signal intensity on T1w
sequence with sharp margins, increase in size/number
on follow-up MR and any change in trabecular or cor-
tical bone on Computed Tomography (CT).

Other very frequently observed changes in BM sig-
nal are represented by benign vertebral lesions, in par-

Figure 4. Cellular marrow nodule (arrows). TSE T1w (A), TSE
T2w (B) and STIR (C) images

ticular hemangiomas, enostosis (compact bone island)
and, less frequently, benign notochordal cells tumors.
Vertebral hemangioma (VH) is the most com-
mon benign vertebral tumor and it is usually an inci-
dental finding. It consists of vascular and fatty stroma
with sparse thick trabeculae. On MRI, VH typically
presents as a roundish T1w/T2w hyperintense le-
sions with variable fat suppression (depending on the
amount of fat components) and intense contrast-en-
hancement. They can be multiple and are located in
the soma or, less frequently, in the posterior arch. The
presence of thickened trabeculae within the lesion is
helpful to distinguish hemangioma from fat marrow
nodules (Fig. 5). Aggressive hemangiomas may show

Figure 5. Vertebral hemangioma. TSE T1w (A), TSE T2w (B) images on the sagittal plane and TSE T2w image on the axial plane (C)
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intermediate/low signal on T1w sequence, involve-
ment of the entire vertebral body with extension to
neural arch, cortical expansion, irregular honeycomb-
ing, and soft-tissue mass and avid enhancement. In
case of doubts a CT scan may be helpful demonstrat-
ing the typical “palisading” appearance; angiography
reveals the vascularity and arterial embolization may
be helpful (55, 62, 86-90).

Enostosis is considered a developmental hamar-
tomatous lesion consisting of lamellar compact bone
in the spongious bone. It shows low signal on all MR
sequences, without enhancement after gadolinium ad-
ministration.

Enostosis, especially in the lumbosacral region,
should be distinguished from the less common benign
notochordal cell tumors (BNCT), which are increas-
ingly accepted as intraosseous benign lesions of no-
tochordal cell origin. These lesions may be safely fol-
lowed without evidence of malignant transformation,
which emphasizes the importance of distinction of
BNCTs from chordomas (91).

BNCTs are usually intraosseous, whereas >90% of
chordomas are both intra- and extra-osseous; moreover,
they show mild osteosclerosis, without bone destruc-
tion, whereas all chordomas show variable osteolysis;
finally, BNCTs do not enhance, whereas chordomas
do, although with variable intensity(92).

Anemias and bone marrow insufficiency

Anemia, the most common disorder of the blood,
is characterized by a diminished quantity of hemo-
globin and can be caused by various etiologies. A
decrease in hemoglobin due to iron- or vitamin-de-
ficiency stimulates an overall increase in the amount
of hematopoietic marrow, which, however, can also be
seen in smokers, obese individuals, and marathon run-
ners.

Red marrow hypertrophy appears on MRI as dif-
fuse hypointensity on T1w images, with a correspond-
ing hyperintense signal on T2w and STIR sequences
and a typical mild diffuse enhancement of red mar-
row after administration of gadolinium-based contrast
agents.

In patients with severe thalassemia it is not unu-
sual to find areas of extramedullary hematopoiesis,

particularly in the paravertebral soft tissues, appear-
ing as soft-tissue masses sometimes even mimicking
tumors (Fig. 6).

MRI can also show BM hypointensity on T2w
images related to iron deposition in patients who re-
ceived multiple blood transfusions.

Conversely, BM insufficiency (i.e. aplastic ane-
mia) is characterized by an increase of fat, resulting in
high signal on T1w sequences, and low signal on STIR
images (93).

Figure 6. TSE T2w image on the coronal plane (A); axial bal-
anced-GrE image on the axial plane (B). Areas of extramedul-
lary hematopoiesis appearing as soft-tissue masses in a patient
with severe thalassemia.
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Osteonecrosis

Kummel’s disease (post-traumatic vertebral oste-
onecrosis or avascular necrosis) represents a failure of
the fracture healing process, with the development of
an avascular zone below the superior endplate (94, 95)
resulting in an osteonecrotic cavity, usually after weeks
or months from trauma or osteoporotic fracture.

Gas or fluid can migrate from the adjacent de-
generated disk into this cavity giving a “vacuum cleft”
or “fluid” sign, respectively. The former appears as a
black line below the upper endplate on both CT and
all MRI sequences, while the latter is characterized by
water density at C'T and high signal intensity on STIR
and T2w images.

Both these signs stand against infection or neo-
plasm(96). Particularly, the presence of gas in a col-
lapsed vertebral body is diagnostic of Kummel’s dis-
ease (97).

Osteonecrosis may cause insufficiency fractures
with end-plate compressions by the adjacent interver-
tebral disks leading to the characteristic biconcave de-

formity (98).
Infective-inflammatory disease

Infections of the spine include spondylitis (infec-
tion of the bone and BM, i.e. ostemyelitis), discitis,
spondylodiscitis and spondylarthritis (septic arthritis
of the facet joints).

Pyogenic spondylitis, most often caused by
Staphylococcus aureus, has a predilection for the lum-
bar region. In most cases, two adjacent vertebral bodies
and the intervening disk are infected. Imaging patterns
indicative of infection include decreased BM signal on
T1w images, and increased signal on T2w and STIR
images in the vertebral body adjacent to the involved
disk space, disk hyperintensity on T2w images with
intense and homogeneous enhancement after contrast
injection, and, sometimes, paraspinal inflammatory
tissue or fluid collection (99-101).

Unlike pyogenic infections, spinal tuberculo-
sis is thought to originate in the vertebral body and
spread beneath the longitudinal ligaments to involve
adjacent vertebral bodies, sparing the disk, possibly be-

cause Mycobacterium Tuberculosis does not produce

proteolytic enzymes. In addition to the disk preserva-
tion, other characteristics of tuberculosis include skip
lesions and involvement of multiple vertebral bodies
or only a portion of a vertebral body (such as the pos-
terior elements). Paraspinal fluid collections are also
common (6).

Non-infective inflammatory disease: degenerative

Modic provided a formal classification of ver-
tebral endplate and subchondral BM degenerative
changes based on a study of 474 patients, most of them
with chronic low back pain (102). In advanced cases,
these changes may involve a large part of the vertebral
body, but they are always centered on the intersomatic
disk space.

Type 1 changes are hypointense on T1w and hy-
perintense on T2w images, due to BM edema and in-
flammation. Type 2 changes appear hyperintense on
T1w and isointense or slightly hyperintense on T2w
images, and are associated with the conversion of he-
mopoietic BM into fatty marrow as a result of marrow
ischemia. Modic type 3 changes are hypointense on
both T1w and T2w sequences and are thought to rep-
resent subchondral bone sclerosis.

Mixed-type 1-2 and 2-3 Modic changes have also
been reported, suggesting that these changes can con-
vert from one type to another and that they represent
different stages of the same pathologic process (103).

Non-infective inflammatory disease:
spondyloarthritis

Seronegative spondyloarthropathies are inflam-
matory diseases that affect the axial skeleton, particu-
larly the sacroiliac joints. These entities include anky-
losing spondylitis, psoriatic arthritis, reactive arthritis,
and arthritis associated with inflammatory bowel dis-
ease.

Spinal changes associated with spondyloarthritis
include florid anterior spondylitis (Romanus lesion, i.e.
reduced signal intensity of the anterior and posterior
edges of the vertebral endplates on T1w images and
increased signal intensity on STIR images, represent-
ing BM edema or osteitis), florid diskitis (Andersson
lesion, disk-centered abnormalities of one or both con-
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tiguous vertebrae, appearing hypointense on T1w- and
hyperintense on STIR images), ankylosis, insufficiency
fractures of the ankylosed spine, syndesmophytes, ar-
thritis of the apophyseal and costo-vertebral joints and
enthesitis of the interspinal ligaments. These lesions
are not pathognomonic for ankylosing spondylitis be-
cause they can also be seen in other spondyloarthropa-
thies (104).

SAPHO syndrome (synovitis, acne, pustulosis,
hyperostosis and osteitis) should be included in the
differential diagnosis in a patient with a “curvilinear”
or “semicircular” pattern of signal abnormalities of

contiguous vertebral body (63, 105-108).

Non-infective inflammatory disease: chronic
recurrent multifocal osteomyelitis

Chronic multifocal
(CRMO) is an uncommon auto-inflammatory disease

recurrent osteomyelitis
mostly affecting children and adolescents, presenting
with multifocal bone pain secondary to sterile osseous
inflammation. It is characterized by a relapsing-remit-
ting course. The long bones of the lower extremities
and sterno-clavear joint are more frequently affected
with possible spine involvement. Imaging studies are
important for the diagnosis and detection of asymp-
tomatic lesions.

STIR sequences are useful to depict foci of BM
edema (Fig. 7) and to assess the treatment response
(109). Bone biopsy may be necessary to exclude other
diseases, including malignancy and infections.

Non-infective inflammatory disease: Paget’s disease

Paget’s disease is a chronic metabolically active
bone disease, characterized by a disturbance in bone
modelling and remodelling due to an increase in osteo-
blastic and osteoclastic activity.

The spine is the second most commonly affected
site (53%), after the pelvis (70%).

Paget’s disease is primarily a disorder of bone, and
BM is only secondarily involved. The mixed hypervas-
cular phase is characterized by the presence of areas of
vertebral low signal on T1w images and mild high sig-
nal on T2w images. In the sclerotic phase a low signal
on both T1w and T2w images in the vertebra is due

Figure 7. Chronic recurrent multifocal osteomyelitis. TSE T1w
(A), TSE T2w (B) and STIR (C) images

to increased trabecular thickness, sclerosis and marrow
fibrosis. In the advanced stages, the fatty transforma-
tion leads to high signal on both T1w and T2w images
(110).

Traumatic bone marrow edema

MRI is nowaydays recognized as the most sensi-
tive technique (even more than CT) to evaluate minor
vertebral trauma, due to its unsurpassed sensitivity to
detect BM edema, even without evidence of fracture
deformity or cortical failure (111).

Indeed, MRI with STIR sequences are the neces-
sary diagnostic pre-requisite (together with the clinical
evaluation) for selecting patients amenable to percuta-
neous interventional procedures such as vertebroplasty
and kiphoplasty.

Aside from its role in obvious post-traumatic frac-
tures, MRI is very useful in the differentiation between
benign and malignant vertebral fractures, a common
clinical problem, as they both typically occurr in the
elderly population without adequate trauma.

Features suggestive of metastatic compression
fractures include the presence of a convex posterior
border of the vertebral body, abnormal signal intensity
of the pedicle or posterior element, an epidural mass, a
focal paraspinal mass and other spinal metastases. Con-
versely, a low-signal-intensity band on T1w and T2w
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images (corresponding to the fracture line or trabecular
impaction), spared normal BM signal intensity of the
vertebral body, retropulsion of a posterior bone frag-
ment and multiple compression fractures are suggestive
of acute osteoporotic compression fractures (112).

However, conventional MRI is not always specific
in the differentiation of acute osteoporotic and malig-
nant vertebral fractures. In this context DWI may be
useful: malignant fractures show ADC values ranging
from 0.7 to 1.0 x 10° mm?s, while osteoporotic or
traumatic fractures show ADC values from 1.0 to 2.0
x 10° mm?s(113). Unfortunately, all published stud-
ies show a remarkable overlap, thus limiting the value
of quantitative DWT in differentiating between benign
and malignant fractures.

Bone metastasis

Metastases are the most common malignant tu-
mors affecting the skeletal system.

Spine is a frequent target of metastatic spread
from various primary tumors such as breast, lung and
prostate carcinomas. MRI is the most sensitive tech-
nique for the detection of BM metastasis, even if tra-
becular or cortical bone is not destroyed (unlike bone
scintigraphy). Whole-body MRI, possibly with diffu-
sion-weighted whole-body imaging with background
body signal suppression (DWIBS) sequences, repre-
sents a promising technique for tumor staging which
allows for assessment of the whole skeletal system,
with a higher sensitivity than PET-CT(114, 115).

The combination of unenhanced T1w and STIR
sequences allows the detection of BM abnormalities
(116, 117). On T1w images, metastatic lesions are
identified by the replacement of normal fat marrow,
resulting in a focal or diffuse hypointense signal. On
T2w and STIR sequence neoplastic lesions appear
hyperintense due to increased content of water within
the metastatic lesions; blastic metastasis may present
low signal intensity on T2w and STIR images, de-
pending on the degree of sclerosis. In this case, evalu-
ation of the margins may be helpful to differentiate
blastic metastasis (with irregular shape) from enostosis
(more regular).

In case of suspected extension into the surround-
ing tissues (paravertebral or epidural space) additional

sequences, such as T2w and contrast-enhanced fat-sat-
urated T1w sequences in the axial and coronal planes
may be useful to better delineate the lesion (118).

Multiple myeloma and leukemia

Multiple myeloma is characterized by a multifo-
cal malignant proliferation of monoclonal plasma cells
within the BM. The spine is the most commonly in-
volved site.

MRI may be normal or may show different pat-
terns of BM involvement, focal (plasmocytoma), dif-
fuse or micronodular. Lesions are characterized by
low signal intensity on T1w images, hyperintensity on
STIR sequence, with post-gadolinium enhancement
and high perfusion values on DCE-PWI (119-121).
Furthermore, MRI can demonstrate concurrent path-
ologic fractures that can mimic a benign pattern.

Leukemia may present with similar findings and
may be difficult to distinguish it from diffuse myeloma
on the basis of MRI findings alone (119, 122).

Myelofibrosis

Primary myelofibrosis is a chronic myeloprolif-
erative disorder resulting in BM fibrosis.

On MR, it appears as diffuse low signal intensity
of the BM on all sequences, due to the increase in mar-
row cells and reduction in fat cells in the early stages,
or due to extensive marrow fibrosis in the late stages.

Extramedullary hematopoiesis, with paraverte-
bral soft tissue masses and hepatosplenomegaly, may
be found in the most advanced stages of the disease.

Lymphoma

BM lymphoma can occasionally present as pri-
mary extranodal disease, although it is more frequently
due to a secondary involvement from disseminated
disease.

BM involvement is more frequently seen in pa-
tients with non-Hodgkin’s lymphoma, while it is
unusual in patients with Hodgkin’s lymphoma (only
4-14% of cases) (123).

On MRI, lymphomatous lesions, which can be
focal or multiple/diffuse, show T1 hypointense signal
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with variable T2 signal intensity, sometimes hypoin-
tense because of their high cellularity. Lymphoma typ-
ically permeates through the cortex and into surround-
ing soft tissues (including the epidural space) without
causing cortical destruction.

Bone marrow necrosis and non-traumatic avascular
necrosis

BM necrosis is a rare hematologic disorder in
which a microvascular insult leads to necrosis of my-
eloid tissue and medullary stroma with preservation of
cortical bone and spicular architecture (124-127).

On MR, it is characterized by diffuse involve-
ment of BM within the posterior aspect of vertebral
bodies with a “geographic” pattern of signal abnormal-
ities. The lesions show central hyperintensity on T1-w
and T2-w images surrounded by a peripheral band of
hypointense signal that enhances after contrast admin-
istration (Fig. 8) (128-130).

Non-traumatic avascular necrosis shares several
imaging features with BM necrosis. In contrast to the
strong association of BM necrosis with malignancy,
avascular necrosis does not imply any prognostic sig-
nificance. It is typically associated with corticosteroids,
ethanol abuse and hemoglobinopathies (131-134).

Lesions may display T1w and T2w imaging find-

ings similar to those of BM necrosis, but a progression
to vertebral body collapse is often observed. Definitive
diagnosis requires BM biopsy with histological exami-
nation in which avascular necrosis is typified by loss of
normal spicular architectural.

Treatment response assessment

Radiation therapy induces characteristic time-de-
pendent changes in BM, as in other tissues (135). Ear-
ly post-radiation changes (first week) are characterized
by diffuse hyperintensity on STIR images without sig-
nificant signal changes on T1w images. With time,
BM edema subsides; in this phase, early fatty infil-
tration and fibrosis are characterized by heterogene-
ous T1w hyperintensity. Finally, with fatty conversion
(which is not necessarily permanent), the MRI signal
evolves into homogeneous and diffusely hyperintense
T1 signal with corresponding hypointense STIR sig-
nal.

Three histologic stages of BM remodeling can be
defined after the initiation of chemotherapy. During
the first week, increased permeability and dilatation
of the BM sinuses causes acute edema, correspond-
ing to a decrease in T1w signal intensity. The second
stage of BM remodeling occurs as early as the second
week after chemotherapy initiation. Histologically,

Figure 8. Bone marrow avascular necrosis. TSE T1w (A), TSE T2w (B) and post-contrast injection fat-suppressed TSE T1w (C)

images.
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there is decreased marrow cellularity, as well as early
fatty conversion to multilocular adipocytes. On MR
imaging, these pathologic changes cause an increased
T1w signal and decreased intensity on fluid-sensitive
sequences. Finally, with the completion of chemother-
apy, multilocular adipocytes are replaced by unilocular
fat cells. These unilocular adipocytes and stromal cells
form multifocal aggregates and are thought to be nec-
essary for the regeneration of normal hematopoietic
tissue. Early reconversion on MR imaging is seen as
diffuse hematopoietic foci of T1 hypointensity and
modest hyperintensity on fluid-sensitive sequences,
and they must be differentiated from relapse; in these
cases, contrast administration may be useful.
Furthermore, the reconversion process may be
enhanced by administration of granulocyte colony-
stimulating factor (GCSF), which activates the he-
matopoietic marrow and decreases the period of apla-
sia after chemotherapy. The differentiation between
this reconverted, highly cellular normal hematopoietic
marrow and a recurrent tumor after chemotherapy is
not possible with conventional MR techniques (136).
The response of focal marrow lesions to therapy
may be characterized, along with their reduction in

size, by the appearance of a peripheral halo of fatty

marrow, with characteristic high signal intensity on
T1-weighted images. Contrasting with this “fatty”
halo, a “cellular” halo may be observed at the periph-
ery of neoplastic lesions, consisting in a faint border
with a low signal on T1 and high signal intensity on
STIR/T?2 fat suppressed images, which is interpreted
as indicative of an “active” or “aggressive” tumoral le-
sion. In/out phase imaging can be useful in pointing
out these findings.

Conclusions

MRI is the most sensitive technique for assessing
BM signal abnormalities. Knowledge of normal age-
related BM appearance, normal variants and patterns
of involvement in focal and diffuse bone diseases (Tab.
1) is essential, together with clinical and laboratory
data, to narrow the list of the possible differential di-
agnoses. The radiologist should be familiar with these
signal changes, as they can sometimes be discovered
incidentally. In this context, it is equally important not
to attribute pathological significance to benign altera-
tions and to promptly detect signs of malignant dis-
eases (137).

Table 1. Differential diagnosis of abnormal marrow signal within the spinal bone marrow on T1w- imaging [57].

Focal
T1 signal increase

Diffuse/multifocal
T1 signal increase

Focal

T1 signal decrease

Diffuse/multifocal
T1 signal decrease

focal fatty marrow

solitary hemangioma

degenerative disk disease

Paget’s disease
BM hemorrhage

lipoma

radiation treatment

0steoporosis

multiple hemangiomas

melanoma metastasis
myeloma

lymphoma

endplate centered: degenerative
endplate changes, osteomyelitis,
amyloid

Primarily in vertebral body:
atypical hemangioma, fracture,
malignancy, fibrous dysplasia,
metastasis, myeloma, lymphoma

Posterior element centered: primary
bone tumor, fracture

hematopoietic hyperplasia

neoplasm

renal osteodystrophy

sarcoidosis
spondyloarthropathy

myelofibrosis
mastocytosis
hemosiderosis
Gaucher’s disease
gout
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